It is generally accepted that the histones are attached to the DNA of cell nuclei by salt linkages. Some estimates of the relative amounts of the histones and the DNA indicate that the basic groups in these proteins could, if such is their role, neutralize from 85 to 100 % of the DNA phosphate groups (Davison & Butler, 1956; Crampton, Stein & Moore, 1957; Vendrely, Knobloch-Mazen & Vendrely, 1960) . The deficiency of basic groups as compared with phosphate in some preparations may be due to the loss of histone during preparation of the deoxyribonucleoprotein. A model for the structure of deoxyribonucleohistone should therefore show the close equivalence of basic and phosphate groups in salt linkages.
Since the phosphate groups in DNA are regularly spaced along the polynucleotide chains it might perhaps be expected that the neutralizing basic groups in the histones (due mainly to lysyl and arginyl residues) would be evenly spaced along the polypeptide chains. This arrangement would require three non-basic residues between each pair of basic amino acids, since in most of the histones approximately one-quarter of the amino acid residues are basic amino acids. Degradation of such a structure by trypsin (which has a specificity dependent on the arginyl and lysyl residues of the substrate) would then yield a mixture of tetrapeptides which, except perhaps for the C-terminal peptide, would each bear a C-terminal lysyl or arginyl residue.
This work describes some experiments with a tryptic digest of a calf-thymus histone fraction undertaken to establish whether the basic amino acid distribution follows this regular pattern or not. A preliminary account has already been published .
EXPERIMENTAL
The histone used for most of this work was an argininerich fraction (lysine: arginine molar ratio, 0-8:1) of calfthymus histoncs prepared by an acid-ethanol-extraction procedure (Johns, Phillips, Simson & Butler, 1960) . The amino acid composition and the N-terminal group analyses are given in Table 1 . Preparations designated F3/78 and F3/83 were both used for the experiments on the precipitates from the digests, whereas only the F3/83 preparation was used for the study of the small soluble peptides.
Tryptic digestion. Salt-free crystalline trypsin (1 mg.) in 1 ml. of water was added to 105 mg. of the histone dissolved in 9 ml. of 3-3 mm-phosphate buffer, pH 7-7. The digest was kept (with a drop of chloroform) at 400 and within 2 min. a precipitate began to form. After 24 hr. the digest was centrifuged, and the supernatant decanted and reduced in volume to 0-75 ml., so that it then contained about 0-8 mg. of soluble peptides in 0 01 ml. The precipitate from the digest was washed with the same phosphate buffer and suspended in dilute HC] at about pH 3 for storage.
Electrophore8i8 and chromatography. Electrophoresis of the soluble peptides was carried out on Whatman no. 3MM filter paper which had been previously washed with butan-l-ol-acetic acid-water (2:1: 1, by vol.) by downward irrigation for 36 hr. After the paper had been dipped in a-pyridine-acetic acid-water buffer, pH 6-4 (100:4:900, by vol.) and the excess of buffer removed by means of filter paper, approximately 2-5 mg. of the peptides in 0-03 ml. volume were applied along a 10 cm. line, 13 cm. from one end of a 57 cm. x 10 cm. strip of the paper. The strip was placed between two plate-glass sandwiches 45 cm. wide, each sandwich having internally circulating cold water. The two protruding ends of the strip, each 6 cm. long, dipped into troughs of the buffer carrying platinum electrodes. Electrophoresis was continued for 3-75 hr. at 18 v/cm. gradient and a temperature (exit cooling-water) not exceeding 200. As most of the peptides are cationic at this pH, the end of the strip nearest to the starting line of peptides was placed in the anode compartment. After the run the paper was dried in air, the ends were discarded, and the rest was cut into three strips, each 3-3 cm. x 45 cm. 'Each piece was then attached, by a sewing machine, to a 50 cm. x 45 cm. sheet of 3MM filter paper (previously washed as mentioned above), and another smaller piece of paper also sewn to the other long edge of the strip to act as a feed which was folded over and placed in the solvent trough. The sheets were then chromatographed in butan-lol-acetic acid-water (2:1:1, by vol.) for 36 hr. at room temperature, the bottom edge of the sheet being serrated to facilitate solvent dripping off the end. The sheets were dried in air, dipped in 0-2% ninhydrin in propan-2-ol-watercollidine (90:5:10, by vol.; Lewis, 1952) , and the colour allowed to develop at room temperature for at least 4 hr., when most of the spots (about 40) became visible. The corresponding spots from several chromatograms were then cut out, sewn together in strings and washed by downward irrigation with acetone to remove the excess of ninhydrin, and the peptideseluted with aqueous 20% acetic acid. The eluates were dried under vacuum, washed with acetone and dissolved in a small known volume of water with a drop of chloroform as preservative. Lower concentrations of ninhydrin were also tried for detecting the peptides on the sheets in order to reduce the degradation by ninhydrin. However, 0-025% ninhydrin in the solvent described above revealed only three spots on a sheet on standing for 48 hr. at room temperature, whereas 0.05% ninhydrin revealed eight spots.
Analyses. Samples of the precipitate from the digests and the supernatant soluble peptides were hydrolysed in sealed tubes for 24 hr. at 1100 in 6N-HCl and the total amino acids measured by the method of Levy (1954) as modified by Phillips & Johns (1959) . The N-terminal amino acids were estimated in the precipitate by Sanger's (1945) method as modified by Phillips (1958) . For the soluble pepti(les the foUowing modification was used: to 0-05 ml. of the peptide solution containing about 0-5,umole of the peptides was added 0-15 ml. of 0-2M-borate buffer, pH 9-2, 0-4 ml. of ethanol and 0-05 ml. of a solution of 1-fluoro-2,4-dinitrobenzene in ethanol (5:95, v/v). It was found that 0-02 ml. of the fluorodinitrobenzene solution did not achieve complete coupling even at 400. The mixture was shaken in a rimless test tube, 15 cm. x 1-6 cm., at room temperature for 20hr., acidified and dried under vacuum in the same tube. The water-free residue was then covered with 11 N-HCI, the sealed tube heated at 1000 for 4-5 hr., and the hydrolysate processed for N-terminal amino acids as described above. The C-terminal amino acids of the soluble peptide mixture were determined by a hydrazine method (Niu & Fraenkel-Conrat, 1955) . RESULTS Precipitates. The precipitate which rapidly formed during the digestion of the arginine-rich histones with trypsin contained 21-25 % of the total nitrogen of the histone. The amino acid anid the N-terminal amino acid analyses of the precipitate are given in Table 1 . The analyses show that the precipitates are poorer in basic amino acids and richer in acidic amino acids than the original histone (Table 1) or the soluble peptides from the digests ( Table 2 ). The N-terminal groups show that the precipitate is heterogeneous, and the quantity of these groups indicates that the average molecular weight is about 5000. The weight of the precipitate obtained from the digests shows that only one of these insoluble fragments is produced per molecule of histone of 20 000 weight.
About 30 % of the valine N-terminal groups were obtained as a dinitrophenylvalyl peptide from the 4-5 hr. acid hydrolysate, probably dinitrophenylvalylglycine, since this derivative runs at the same position as the unknown on the twodimensional chromatograms and was definitely found in an earlier experiment with the precipitate from a tryptic digest of whole unfractionated calfthymus histones.
The precipitate from the arginine-rich histone is soluble at pH 10, unlike the intact histones, and is reprecipitated when the solution is neutralized. In a similar manner a preparation of the slightly lysine-rich histones (with mainly proline N-terminal groups) when digested with trypsin gave a precipitate containing 15 % ofthe histone nitrogen, and like the precipitate described above it was relatively poor in the basic amino acids. In contrast, a very lysinerich histone fraction (the lysine : arginine molar ratio in the preparation used was 12-6: 1) did not give any precipitate when digested with trypsin.
Soluble peptides from arginine-rich hi8tone. The amino acid and N-terminal group analyses of the mixed soluble peptides are given in Table 2 . The quantity of N-terminal amino acids indicates that the average size of the peptides present in the mixture was about tetrapeptide. The C-terminal amino acids were ornithine (derived from arginine), lysine and alanine in the approximate molar ratio of 9:2: . The peptides for which satisfactory analyses were obtained are listed in Table 3 . For peptide 0/1, some trials of the reaction of an equimolar mixture of the four amino acids with fluorodinitrobenzene showed that the recovery of histidine under the conditions used was only 40-70 % of that of the other amino acids, so that it is concluded that peptide 0/1 contains one residue each of histidine, lysine, proline and arginine.
The yields of the peptides were calculated by summation of the amino acids found in the total hydrolysate of a sample of the peptide and are minimum values. Many other peptide spots were examined, but integral ratios for the number of residues in them were not obtained and they are not reported. In some cases electrophoresis at pH 3-6 showed that they were complex and in other cases the use of 0-2 % ninhydrin for the detection caused considerable destruction of the N-terminal amino acid, leading to non-integral amino acid ratios. Satake & Luck (1959) and Satake, Rasmussen & Luck (1960) , who made an extensive study of the arginine-containing peptides from whole calf-thymus histones and from seven histone fractions prepared by Amberlite column chromatography. The peptides were produced by the action of a proteinase with a very wide specificity from Streptomyces griseus and were separated by ion-exchange chromatography. They found, in addition to free arginine, Ala-Arg, Arg-Arg, Arg-Lys, Gly-Arg, Pro-Arg, Ser-Arg, Thr-Arg, Ala(Pro,Arg), Ala(Thr,Arg), and whole histone also gave Ala(Ala,Pro,Arg) and Arg-Arg-Arg.
The yields of these peptides were given, and for five of the histone fractions the amounts of Arg-Arg and Arg-Lys obtained implied that 12-24 % of the arginine of these histones is paired with a lysine or another arginine residue.
The specificity of proteolysis by trypsin is known to be restricted to peptide bonds involving lysine and arginine residues. The carboxyl group of these residues is set free except where the next residue is prolyl, aspartyl or glutamyl, tvhi6h are inhibitory (see, for example, Hirs, Moore & Stein, 1960; Anderer, Uhlig, Weber & Schramm, 1960) . In the present work the small proportion of C-terminal alanine found in the peptides presumably came from the C-terminal position of the intact histone , whereas the other. C-terminal amino acids of the soluble unfractionated peptides confirm that the known specificity of trypsin holds during the histone digestion. Thus each free amino acid and peptide (except for the N-terminal peptide) was preceded in the original sequence by a basic amino acid residue. This fact, and the presence of arginine and lysine N-terminal groups in some of these peptides (see Table 2 ), shows that there are seven positions where, on this evidence, basic amino acids occur in pairs. This number accounts for 30 % of the basic amino acids of this histone fraction.
The free lysine and arginine in the digest may indicate the presence of three or more basic amino acids juxtaposed in the amino acid sequence, since Ando, Ishii & Yamasaki (1959) found that free arginine was liberated during the tryptic digestion of clupeine, in which many sequences of three and four arginine residues occur.
The peptides listed in Table 3 also show that the spacing between the basic amino acids varies from one residue (peptides 0/1, 4, 25, 32 and 38) to four residues (peptide 30). In addition, the precipitate from the digest has an average spacing of six to seven residues between each basic amino acid (see Table 1 ). Together, the precipitate and the soluble peptides examined account for about Vol. 82 239 one-third of this histone fraction and it is concluded that the basic amino acid distribution is markedly irregular. The precipitate obtained above from the moderately lysine-rich histones and the pairs of basic amino acids reported by Satake & Luck (1959) and Satake et al. (1960) indicate that the irregular distribution of the basic amino acids occurs in other histone fractions. On the other hand, the absence of a precipitate in the tryptic digest of the very lysine-rich histones may be due to their higher content of basic amino acids, amounting to about 30 moles % of all the amino acids present, together with a lower content of acidic amino acids, so that the number of possible trypsin-resistant bonds in these histones is decreased.
When this work began, the knowledge that alanine was almost the sole N-terminal amino acid was taken as the criterion that this histone fraction was mainly one protein. However, later work with starch-gel electrophoresis has demonstrated the existence of two major components in this fraction (Johns, Phillips, Simson & Butler, 1961; Johns & Butler, 1962) . In spite of this heterogeneity, which no doubt increased the complexity of the peptide mixture produced on digestion, neither the precipitates nor any of the peptides in Table 3 conform to the spacing required for a completely regular arrangement of the basic amino acids-in the sequence.
If every phosphate group in deoxyribonucloohistone is attached to a basic amino acid side chain of the histone, it is evident that the regular structures suggested by Davison & Butler (1956) cannot be correct. Where two or more basic amino acids are juxtaposed, the structure may take the form suggested for nucleoprotamine by Feughelman et al. (1955) , in which the protein chain is extended and the successive arginine side chains alternately form salt-linkages with each nucleotide chain of the deoxyribonucleic acid dyad helix. There must also be regions in deoxyribonucleohistone in which the non-basic residues form loops of different sizes up to at least seven residues between successive basic amino acids, so that it is unlikely that the histone could have a regular ac-helical form when in the complex. Wilkins, Zubay & Wilson (1959a, b) have tentatively suggested from their X-ray-diffraction studies that in the nucleohistones the protein is wrapped round the deeper groove of the deoxyribonucleic acid dyad helix. Further, the protein may be partly in an ac-helical form with frequent discontinuities to allow the protein helix to lie in or near the groove. The irregular arrangement of the basic amino acids in the histone sequence found in the present work is consistent with this structure for deoxyribonucleohistone. SUMMARY 1. Arginine-rich histone from calf thymus, with alanine accounting for 85-95 % of all theN-terminal groups, has been digested with trypsin. A precipitate and a mixture of soluble peptides were rapidly produced.
2. The precipitate was heterogeneous and accounted for about 25 % of the histone. Amino acid analysis showed that there was one basic amino acid to every seven residues in it and the ratio of basic amino acids to acidic amino acids was only half that of the parent histone. 3. A slightly lysine-rich histone fraction gave a precipitate accounting for 15 % of the material on tryptic digestion, whereas a very lysine-rich histone fraction did not give any precipitate. 4. The soluble peptides from the arginine-rich histone have been partially separated and characterized. Analyses showed that the spacing between the basic amino acids in that part of the histone giving the soluble peptides varied from zero (juxtaposition) to four non-basic residues.
5. The structure of deoxyribonucleohistone is discussed in the light of this irregular spacing of the basic amino acids in the histone.
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